. REs give narrow and broad emissions corre sponding to their 4f-4f and 4f-5d transitions due to mixing of opposite parity states and crystal field of the host matrix [9, 10] . Among the various host matrices for RE elements, LnNbO 4 (Ln = Y, Gd and La) of the fergusonite family are the least explored. These are self-activated hosts with characteristic broad blue emission doped YNbO 4 , GdNbO 4 and LaNbO 4 phosphors is presented in this work. The phosphors were structurally characterized by x-ray diffraction and scanning electron microscopy measurements. The vibrational structures of the phosphors were studied using FTIR measurements. The optical band gaps (E g ), calculated from the Wood and Tauc plot, are found to be 3.78, 4.50 and 3.27 eV for YNbO 4 , GdNbO 4 and LaNbO 4 , respectively. The luminescence property (downshifting (DS) and upconversion (UC)) was studied in the powder and the pellet forms of the phosphor samples. The DS emission of Tm 3+ doped ANbO 4 phosphors (λ ex = 265 nm) consists of broad blue emission due to (NbO 4 ) 3− group overlapped with sharp peaks due to f-f transition of Tm 3+ ion with most prominent emission one in the case of YNbO 4 phosphor. The DS emission is comparatively more intense in the pellet form. The NIR excited UC emission spectra of Tm 3+ , Yb 3+ co-doped ANbO 4 phosphors contain intense blue and NIR emissions due to the Tm 3+ ion. Contrary to the DS study, the best UC result is found for LaNbO 4 phosphor in pellet form. Further, the laser induced heating effect in UC emission with respect to laser pump power and irradiation time has also been studied in Tm 3+ , and Yb 3+ co-doped ANbO 4 phosphors. It was found to be more effective in the case of the YNbO 4 host where the heating effect is more prominent in the powder sample. We discuss the mechanisms involved in these observations in detail.
Introduction
Rare earth (RE) doped luminescent materials are important due to their various applications such as lasers, light emitting diodes (LEDs), plasma display panels (PDPs), field emission displays (FEDs), liquid crystal displays (LCDs), bio-imaging and so on under UV (λ = 265 nm) excitation [11] . Among the RE ions, Tm 3+ ion has been selected to study the dual mode behavior (UC and DS) along with Yb 3+ ions. The Tm 3+ ion gives intense UC and DS emissions in the UV to NIR region due to ladder like energy levels of the Tm 3+ ion. In addition, it possesses thermocoupled levels quite suitable for optical heating. In our previous work, the various luminescence properties of RE doped YNbO 4 and GdNbO 4 phosphors have been explored [12] [13] [14] .
In the present work, a comparative study of dual-mode (DS and UC) luminescence behavior of Tm 3+ /Yb 3+ in another host (LaNbO 4 ) of this family, along with YNbO 4 and GdNbO 4 have been carried out. The DS emission of Tm 3+ doped ANbO 4 phosphors consists of broad blue emission due to the (NbO 4 ) 3− group overlapped with a sharp peak due to f-f transition of Tm 3+ ion on λ ex = 265 nm excitation. This emission is most prominent in the case of YNbO 4 phosphor and is comparatively less intense in GdNbO 4 phosphor due to energy transfer from (NbO 4 ) 3− to Gd 3+ ion. A comparative study of DS behavior of these phosphor samples in pellet form shows intense emission compared to their powder form. NIR excited (λ ex = 980 nm) Vis-NIR UC emission corresponding to various 4f-4f transitions of Tm 3+ ions has been obtained successfully for all the Tm 3+ ,Yb
3+
: ANbO 4 phosphors. Among these, the UC emission is optimum for LaNbO 4 phosphors in the pellet form.
In the present work, in addition to DS and UC characteristics, the synthesized materials also exhibit laser induced heating effect on UC emission with respect to laser pump power and irradiation time. This type of optical heating effect in materials is the least explored so far [15, 16] . As it is well known that there are two channels for the population decay from the excited energy level: one through radiative relaxation which emits photons and the second generates heat through non-radiative relaxation. It is observed that the non-radiative/ multiphonon relaxation process in materials is proportional to the NIR pump power and irradiation time. A part of this nonradiative energy is converted into heat. Thus when the material is irradiated with laser radiation, the temperature of the material increases which is known as the laser induced optical heating effect [17] . This phenomenon generally occurs at high pump power (i.e. at high photon density) of incident radiation. As the material is irradiated at high pump power, the multiphonon relaxation increases which increases the temperature of the material through which this multi-phonon relaxation further increases [18] . Therefore, the temperature of the material enhances further. This is discussed in detail in the subsequent sections. All the studies in present work have been carried out in pellet as well as in powder forms of the synthesized phosphor samples. It is found that samples in pellet form suits UC or fluorescence, samples in powder form gives a higher heating effect. Explanations for this are discussed in this paper. 
Experimental method

Synthesis technique
Sample synthesis was carried out using the solid state reaction technique as illustrated in our previous work [13] where the obtained phosphor samples were in powder form. The pellets of the phosphor samples were prepared by taking the same amount of powder and pressing it by a hydraulic pressure machine at high pressure (150 kg cm −2 ) to ensure uniformity. After that, both the powder and pellet forms of phosphor samples were sintered at 1473 K for 5 h for further investigation.
Characterization techniques
The x-ray diffraction (XRD) patterns of the powder phosphor samples were obtained using 18 kW Cu rotating anode-based high resolution Rigaku x-ray powder diffractometer. Surface morphology of the samples were monitored using a scanning electron microscopy (SEM) unit (ZEISS (SEM-Supra40 model)) operated at 20 kV. The vibrational structure of the synthesized phosphor samples were studied using a PerkinElmer FTIR/FIR spectrometer (model Frontier) in the range 400-1000 cm −1 . UV-Vis-NIR absorption measurements were carried out using PerkinElmer UV/VIS/NIR spectrometer (model Lambda 750) in the range 300-1100 nm. For DS measurements, we used a Fluorolog-3 model FL 3-11 (Horiba Jobin Yvon) spectrophotometer equipped with a 450 W xenon flash lamp. The UC luminescence spectra were obtained using a 980 nm tunable CW diode laser (2 W, Model-III980, Chengchun New Industries optoelectronics tech. Co. Ltd,) as an excitation source and emissions were monitored using an iHR 320 (Horiba Jobin Yvon) spectrometer equipped with a R928P photomultiplier tube (PMT). All the measurements of the samples were carried out in the powder form as well as the pellet form at room temperature. 
Results and discussion
Structural and morphological analysis
UV-Vis absorption spectra and optical band gap calculations
Figures 3(a)-(c) shows the UV-Vis absorption spectra of YBOTmYb, GBOTmYb and LBOTmYb phosphor samples. Figure 3 (a) has a characteristic strong absorption peak at 284 nm due to the charge transfer band (CTB) of (NbO 4 ) absorption band centered at 265 nm in GBOTmYb is due to the CTB of (NbO 4 ) 3− group of the host (see figure 3 (b)). In this case there also appears to be an absorption band at 310 nm due to 6 S 7/2 → 6 P 7/2 transition of Gd 3+ ions. Sharp peaks are also observed due to Tm 3+ and Yb 3+ ions in GBOTmYb similar to YBOTmYb. In LBOTmYb, there is a strong absorption band in the range 250-360 nm corresponding to CTB of (NbO 4 ) 3− group [20] as observed in figure 3 (c). The sharp peaks due to Tm 3+ and Yb 3+ ions in this case also have similar characteristics as in GBOTmYb and YBOTmYb. However, the sharp peaks due to f-f transition of Tm 3+ and Yb 3+ ion are stronger than in the earlier two cases which indicate that these transitions are more prominent in LBOTmYb than GBOTmYb and YBOTmYb. This explanation supports the behavior as discussed later in UC emission in the manuscript.
The optical band gap (E g ) of the phosphor samples has been calculated using the Wood and Tauc plot as discussed in our earlier research [14, 21] . The obtained values of 'E g ' in YBOTmYb, GBOTmYb and LBOTmYb are 3.78, 4.50 and 3.27 eV, respectively, as shown in figures 3(d)-(f) by extrapolation of the linear portion at α = 0. Figure 4 (a) shows the photoluminescence excitation (PLE) spectra of Tm 3+ doped YBO, GBO and LBO phosphor samples by monitoring the emission at 456 nm which corresponds to 1 D 2 → 3 F 4 transition of Tm 3+ ions. There are two broad excitation bands in the region 250-320 nm and sharp intense excitation band due to f-f transition of Tm 3+ ion in the range 340-370 nm. The strong excitation band at 265 nm is due to CTB of the (NbO 4 ) 3− group in YBOTm/GBOTm/LBOTm phosphor samples. There also appears an additional broad excitation peak at 302 nm which may be due to formation of CTB of the NbO 6 group in ANbO 4 (where A = Y, Gd and La) host. Hsiao et al [22] reported that ANbO 4 host materials probably lose traces of oxygen during sintering at high temperatures and during cooling the O 2− ion may be responsible for the formation of the NbO 6 group. From PLE spectra, 265 nm has been opted for excitation of YBOTm, GBOTm and LBOTm for the comparative study of DS emissions.
Study of dual-mode luminescence
Downshifting (DS) behavior.
The DS emission spectra of YBOTm, GBOTm and LBOTm in powder form have been recorded (figure 4(b)) on excitation with 265 nm. A broad emission band in the wavelength range 300-500 nm overlapped with three sharp peaks is observed. ion, respectively. The shifting of the broad emission peak may be due to changes in environment around the corresponding (NbO 4 ) 3− group in all three phosphor samples. In the YBOTm sample, the emission intensity due to (NbO 4 ) 3− group is more prominent than in LBOTm and GBOTm. Decrement in emission intensity in LBOTm as compared to YBOTm may be due to changes in the crystal field and also due to changes in shape and size of the particles. In the case of GBOTm, the reduction in emission intensity of the (NbO 4 ) 3− group may be due to energy transfer from (NbO 4 ) 3− group to the Gd 3+ ion (see the peak at ~310 nm in enlarged portion in the range 290-350 nm in figure 4(b)) which is also supported by the PLE spectrum of GBOTm. The emission from Gd 3+ ions is quenched due to concentration quenching [23] . The mechanism behind the emission is due to the (NbO 4 ) 3− group and Tm 3+ ion on excitation with 265 nm is well explored by using possible energy level diagram in our earlier paper [13] . Similar characteristic emissions of the three samples have also been monitored in pellet form for YBOTm, GBOTm and LBOTm in both PLE and emission spectra, and are shown in figures 4(c) and (d). The emission intensity in the case of pellets is better than in powder samples. Figure 5 (a) shows the PLE spectra of GBOTm in both pellet and powder forms of phosphor samples by monitoring emission at 456 nm due to 1 D 2 → 3 F 4 transition of Tm 3+ ions. A comparison between the PLE spectra of the two indicates that the overall intensity in pellet form of GBOTm is much better than in the powder form. The photoluminescence emission spectra of the two are monitored on excitation with 265 nm and they are shown in figure 5(b) 3− group have been observed. The overall emission intensity is higher in pellet samples than in the powder form of GBOTm. This may be due to the reduction in scattering loss from the smooth surface of the pellet sample. The reason for this is discussed in detail in the next section. Figure 6(a) ion is the donor/sensitizer. It is well known that the addition of an Yb 3+ ion enhances the UC emission intensity several times. Therefore, it can easily transfer its excitation energy to Tm 3+ ions by both channels, namely phonon-assisted successive energy transfer and cooperative energy transfer (CET). The detailed mechanism behind these UC emissions is explained with the help of the possible energy level diagram (see figure 6(d) ions. These mechanisms are explained in our earlier work [13] . in the blue region is observed at 477.5, 477 and 476 nm in YBOTmYb, GBOTmYb and LBOTmYb, respectively. This small shift in the blue peak position may be due to changes in the crystal size and field around the Tm 3+ ions which perturb the energy levels of the Tm 3+ ion and are slightly shifted. The UC emission intensity varies in three phosphor samples as can be seen in figure 6(b) . The UC emission intensity of LBOTmYb is much larger than the UC emission intensity in YBOTmYb and GBOTmYb phosphor samples. From the XRD measurements, it has been observed that the XRD peaks of LBO are shifted towards the lower angle than in the case of GBO and YBO (the shift follows the order LBO > GBO > YBO); this shift is due to changes in the crystal field. Due to changes in the crystal field in LBOTmYb, the asymmetry around Tm 3+ ions may increase and thereby the UC emission intensity be enhanced. The increase in UC emission intensity of LBOTmYb may be due to a decrease in energy mismatch with respect to the incident radiation which is caused by changes in the crystal field. The variation in shape and size of particles may also be a reason behind this enhancement in UC emission intensity of LBOTmYb as observed in SEM analysis of three samples. The UC emission intensity in GBOTmYb is larger as compared to YBOTmYb. The samples in all these upconversion studies were in powder form. Figure 6 (c) corresponds to the UC emission spectra of YBOTmYb, GBOTmYb and LBOTmYb when the phosphor samples are in pellet form prepared exactly in the same conditions (as previously discussed in section 2) on excitation with a 980 nm diode laser. The emission peaks have the same characteristics as observed in powder form. However, the UC emission intensity is at its maximum in the LBOTmYb compared to GBOTmYb and YBOTmYb. It can be also seen from figures 6(b) and (c) that the NIR emission (at 803 nm) due to Tm 3+ ions is more prominent in all phosphor samples in pellet form than in powder form.
Upconversion study.
A comparative study of UC emission in both powder and pellet forms of (YBOTmYb, GBOTmYb and LBOTmYb) phosphor samples are shown in figures 7(a)-(c) . From the figures 7(a)-(c), it can be seen that the UC emission intensity in pellet form is greater than in powder form for all the three samples at 0.5 W pump power using a 980 nm diode laser. This enhancement in UC emission intensity in pellet form of the phosphor sample may be due to reduced scattering of the incident radiation. This scattering is very large in the powder sample and an appreciable amount of the incident intensity is lost in scattering rather than in excitation. Therefore, all phosphor samples in pellet form have comparatively better emission performance than their powder counterparts.
Effect of laser pump power (laser induced heating).
This section is focused on the study of laser induced heating effect on UC emission of Tm 3+ , Yb 3+ co-doped figure 8(a) . Since the energy difference between the two Stark levels is around 220 cm −1 , the two levels are thermally-coupled to each other and follow Boltzmann's distribution law. The thermallycoupled levels have been used for the study of temperature of the sample [24, 25] . In the present work, the variation of the fluorescence intensity ratio (FIR) of these thermallycoupled levels with respect to pump power of the incident radiation (980 nm) has been monitored. From figure 8(a) , it can be seen that the values of FIR (I 477 /I 472 ) decreases exponentially with laser pump power which gives a similar behavior of the variation of FIR with temperature. This suggests that there is heating in the sample with the increase in pump power. This means that at higher pump power, the non-radiative relaxation dominates which results in further heating of the sample. This behavior of laser induced heating by using thermo-coupled levels is well explained in our previous work [14] . A larger variation in FIR values indicates a larger heating of the material. This means that the heating effect in YBOTmYb phosphor is larger than in GBOTmYb and LBOTmYb phosphors. The variation of FIR values in YBOTmYb, GBOTmYb and LBOTmYb phosphor samples have been also monitored in pellet form as shown in figure 8(b) . In pellet form of phosphor samples, the variation in FIR value with pump power is not as significant as in powder form. Figure 8(b) shows that the variation of FIR values is almost similar in GBOTmYb and YBOTmYb phosphors and larger than that in LBOTmYb phosphor.
The laser induced heating phenomenon in the material has been confirmed by studying the kinetics of UC emission of the phosphor samples with respect to time at various pump powers. Figures 8(c) and (d) show variation of UC emission intensity at 477 nm due to 1 G 4 → 3 H 6 transition of Tm 3+ ion in both powder and pellet form from GBOTmYb phosphor samples with respect to time. On excitation with 980 nm, the blue UC emission is observed from the 1 G 4 level of Tm 3+ ion. The UC emission intensity decays rapidly through radiative as well as non-radiative channels in a few seconds. This rapid decrease in UC emission intensity is a clear indication of the generation of heat in the sample induced by multiphonon relaxation at high pump power. Figure 8(c) shows the variation of UC emission intensity with time at 477 nm in GBOTmYb phosphor at laser pump power 0.5 W, 0.9 W and 1.5 W. It can be seen in figure 8(c) that the rapid decay in UC emission intensity with time as the pump power increases from 0.5 W to 1.5 W; this indicates that at higher pump power, heating becomes a dominant process in the loss of energy. The rapid decay in UC emission intensity with pump power and irradiation time and the corresponding laser induced internal heating effect provide a clear indication that this material is suitable for optical heating phenomenon.
The heating effect is also monitored in the pellet form in GBOTmYb phosphors as shown in figure 8(d) . The rapid decay of UC emission intensity with time in pellet samples shows the similar behavior to its powder form. But in powder form, the decay of UC emission intensity with time is more rapid than in the pellet form. This confirms that the heating effect in the powder form of the sample is more significant than in the pellet form of the same GBOTmYb phosphor sample. This can be explained as follows, in the process of pellet formation, the powder sample is pressed at high pressure; this results in the particles of the sample being closer to each other as can be clearly seen in the SEM diagram (supplementary figure S1 (stacks.iop.org/JPhysD/50/045602/mmedia)). When the light is incident on the sample, it absorbs the incident radiation. The absorbed energy is lost through the radiative and the non-radiative channels in which non-radiative channels generates heat in the sample through multiphonon relaxation. In pellet samples, heat generated by emitting centers through non-radiative relaxation is transferred to the next neighboring particles lying nearby and then the next neighboring one, and so on, and is ultimately lost to environment. But in powder samples, this reduction of heat does not take place efficiently due to the gaps between the particles (as observed in SEM diagram) and these gaps resist the transfer of heat to the next neighbor particles. So the illuminated region (spot) along with the next neighboring region is heated by emitting centers through non-radiative relaxation and this heating is enhanced with pump power. Therefore, the heating effect in the powder form of YBOTmYb/GBOTmYb/LBOTmYb samples is more significant than its pellet form.
The effect of laser induced heating on UC emission has been monitored in both powder as well as in pellet forms of the sample. Figure 9 is continuous enhancement in the intensity of UC emission with the increase in pump power; however, beyond the 0.8 W pump power, the emission intensity starts decreasing. The heat generation in the sample at higher pump power is responsible for this decrement in UC intensity of the material. It can be also observed from figure 9(a) that at higher pump power, the well resolved spectral lines merge to form broad spectral lines due to line broadening with heat generated and the excitation of the weak Stark components at the 1 G 4 level of Tm 3+ ions. Also, the insets to figure 9(a) shows that the emission peak at 362 nm disappears at high pump power and some new emission peaks appear in the range 680-720 nm due to the 3 F 3 → 3 H 6 transition of Tm 3+ ions. At high pump power of the laser, the induced heating effect promotes the multi-phonon relaxation process and thus, favors the relaxation from the higher to lower level. This may be the reason for the disappearance of UV emission at high pump power. On a similar background, the peaks in the range 680-720 nm also appear but with very small intensity at lower pump power. But at high power, there is laser induced heating in the material which strongly increases the multiphonon relaxation process. So the population from higher levels comes to the lower level through non-radiative channels and enhances the intensity of this 680-720 nm range. But in pellet form of GBOTmYb phosphor, the heating is not as significant as in powder forms. So there is no significant effect of pump power on the UC emission of GBOTmYb (as shown in figure 9(b) ). The UC emission intensity is enhanced with laser pump power and weak peaks are also observed in 680-720 nm range at high pump power.
The ratio (R) of the integrated emission intensity of NIR (803 nm) to blue emission (477 nm) with respect to laser pump power is observed in figures 9(c) and (d). Figure 9 (c) shows the behavior of 'R' with pump power in two regions: one in lower pump power and another in the higher pump power region. In low power regions, this ratio decreases with pump power up to a certain value, after that it increases with pump power. The reason for this behavior is that the photon density increases with pump power which promotes more Tm 3+ ions to a higher level ( 1 G 4 ). So the intensity of the blue region increases with pump power and the value of 'R' decreases. But after a certain high pump power, the non-radiative relaxations become dominant which populates lower levels ( 3 H 4 ). Therefore, the emission intensity in the NIR region increases at higher pump power and that of blue decreases, so does the value of 'R'. On the other hand, figure 9(d) shows the variation of 'R' with pump power of the phosphor samples in pellet form. In low power regions, the value of 'R' decreases exactly in the same way as explained in powder form of the sample (the earlier case in figure 9(c) ). However, at a higher pump power, the value of 'R' decreases very slowly just opposite as in the case of powder samples. The reason is that in the pellet form of the sample, the heat generated through non-radiative processes is rapidly lost. So the population in lower levels ( 3 H 4 ) does not increase quickly as in the earlier case and so does the emission from low lying levels in NIR region, though the overall emission in this case is better than in the powder case. It can be also observed from figures 9(c) and (d) that the emission in the NIR region in the pellet form of the sample is more dominant than the emission in the blue region in comparison to the powder form of the sample.
Conclusion
In the present work, the phosphor samples ANbO 4 :Tm 3+ /Yb 3+ (where A = Y, Gd and La) is synthesized using the solid state reaction technique. The XRD measurements confirm the pure monoclinic phase of the synthesized samples. SEM measurements show the surface morphology of phosphor samples in which particles size on the surface changes as one goes from YBO to LBO. The DS emission is found to arise more efficiently in YBOTm as compared to LBOTm and GBOTm on excitation with 265 nm. The emission intensity is higher in pellet form samples rather than in powder samples. The UC emission intensity is enhanced in LBOTmYb compared to YBOTmYb and GBOTmYb phosphors on excitation with 980 nm laser radiation. The UC emission intensity is further enhanced if the sample is taken in pellet form rather than in the powder form. Laser induced heating is monitored to occur efficiently in the case of YBOTmYb compared to GBOTmYb and LBOTmYb by powder. The powder forms of the samples generate more heat than the pellet forms. Thus, the PL intensity of phosphor sample pellets is better than its powder form.
However, laser induced heating shows opposite behavior. 
